Expanded, non-coding RNAs can exhibit a deleterious gain-of-function causing human disease through abnormal interactions with RNA-binding proteins. Myotonic dystrophy (DM), the prototypical example of an RNA-dominant disorder, is mediated by trinucleotide repeat-containing transcripts that deregulate alternative splicing. Spliceopathy has therefore been a major focus of DM research. However, changes in gene expression, protein translation and micro-RNA metabolism may also contribute to disease pathology. The exciting finding of bidirectional transcription and non-conventional RNA translation of trinucleotide repeat sequences points to a new scenario, in which DM is not mediated by one single expanded RNA transcript, but involves multiple pathogenic elements and pathways. The study of the growing number of human diseases associated with toxic repeat-containing transcripts provides important insight into the understanding of the complex pathways of RNA toxicity. This review describes some of the recent advances in the understanding of the molecular mechanisms behind DM and other RNA-dominant disorders.
INTRODUCTION
Myotonic dystrophy (DM), a paradigm disease of RNA toxicity, is caused by a non-coding mutation. Toxic RNA transcripts accumulate in nuclear inclusions, interfering with the activity, localization and/or steady-state levels of RNA-interacting proteins. The most broadly accepted mechanism of disease predicts that toxic RNAs deregulate the splicing programme of a subset of developmentally regulated genes in multiple tissues, resulting in a truly multisystemic condition (1) . However, recent findings suggest that DM molecular pathogenesis may be vastly more complex, going beyond spliceopathy, involving changes in gene expression and translation efficiency, antisense transcripts, non-conventional translation and micro-RNA (miRNA) deregulation. In this review, we will discuss these fascinating findings and their implications for the understanding of DM and other toxic RNA diseases.
DM: PARADIGM OF RNA TOXICITY
DM is a highly multisystemic neuromuscular disease characterized by a wide range of clinical manifestations, such as myotonia, muscle weakness and wasting, cardiac arrhythmias, cognitive and behavioural deficits, lens opacities, insulin resistance and other variable symptoms (2) . Two DM loci are associated with two types of the disease. DM type 1 (DM1) is caused by the expansion of an unstable CTG trinucleotide repeat in the 3 ′ untranslated region of the DM protein kinase (DMPK) gene (3, 4) . The DM type 2 (DM2) mutation consists in the expansion of an unstable CCTG tetranucleotide within the first intron of the CCHC-type zinc finger, nucleic acid-binding protein (CNBP) gene (previously named myotonia) (5) .
Longer CTG repeat expansions are associated with more severe symptoms and earlier disease onset (6) . Nevertheless, the size of the repeat per se cannot explain disease variability, as illustrated by the clinical variability introduced by the presence of sequence interruptions within the DM1 CTG repeat tract (7, 8) .
Expanded CTG DNA repeats are highly dynamic, showing a marked tendency to further repeat gain in intergenerational transmissions and in somatic cells (reviewed in 9). The CCTG repeat is also unstable in the germline and somatic tissues (5) .
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Mechanisms of DM spliceopathy
Experimental evidence supports an RNA gain-of-function mechanism of expanded transcripts in DM1 and DM2 (1, 10, 11) . Expanded CUG-containing transcripts interfere with RNA -protein interactions, resulting in decreased muscleblind (MBNL) and increased CUGBP/Elav-like family member 1 (CELF1) activities. MBNL proteins are depleted from the nucleoplasm through recruitment into ribonuclear foci (12) (13) (14) . CELF1 stabilization by PKC phosphorylation results in increased steady-state levels and protein upregulation (15) . A combined effect of decreased MBNL and increased CELF1 activity disrupts a tightly regulated developmental programme, leading to inappropriate expression of embryonic splicing isoforms in adult tissues (1, 10) (Fig. 1) . hnRNP H is also increased in DM1 cells, possibly contributing to the missplicing of target genes (16) . In DM2, splicing abnormalities (1, 17) are also associated with the sequestration of MBNL proteins by expanded transcripts (18) . Although not detected in DM2 muscle biopsies (13) , CELF1 is upregulated in the liver of DM2 transgenic mice (19) .
RNA toxicity in other repeat expansion disorders
The molecular pathogenesis of spinocerebellar type 8 (SCA8), SCA10, SCA12, Huntington disease like 2 (HDL2) and fragile X tremor ataxia syndrome (FXTAS) likely involve toxic RNAs and abnormal RNA -protein interactions (Table 1) .
The SCA8 CAG †CTG expansion is bi-directionally expressed. The CAG-containing ATXN8 transcript produces polyglutamine tracts (20) . As in DM1, the CUG-containing antisense ATXN8OS transcripts accumulate in nuclear foci, sequestering MBNL1 in selected neuronal populations and affecting alternative splicing and gene expression (21) . The precise contribution of the polyglutamine peptide and the CUG toxicity to SCA8 pathology remains to be determined.
In FXTAS and HDL2, MBNL1 is also sequestered into intranuclear RNA inclusions, resulting in abnormal splicing (22) (23) (24) . The recruitment of RNA-interacting proteins (Pura, hnRNP A2/B1 and Sam68) into FXTAS RNA inclusions might also contribute to disease (23, 25, 26) . RNA toxicity in FXTAS is corroborated by the neuropathology of mice expressing CGG repeats within the murine Fmr1 context (27, 28) or in an unrelated gene (29) .
SCA10 patients and transgenic mice expressing intronic ATTCT expansions in an unrelated gene accumulate nuclear and cytoplasmic foci. hnRNP K sequestration and loss of function disrupt RNA splicing (30) , supporting a trans-dominant role of AUUCU RNA repeats. A toxic effect of non-coding CAG repeats has also been proposed in SCA12 (31, 32) . In spite of shared key elements, the detailed mechanisms of RNA toxicity likely differ between individual repeat expansion disorders.
Toxic CAG repeats: it is not all about polyglutamines
Disease-causing CAG expansions are usually located within open-reading frames and result in a toxic gain-of-function of the expanded polyglutamine tract (33) . The eye and neurological phenotypes of transgenic Drosophila expressing untranslated CAG-containing transcripts brought a new pathogenic element on stage: toxic CAG RNA repeats (34) . CAG RNA can form small foci in a limited number of cells without affecting alternative splicing (34, 35) . MBNL1 interacts with CAG repeats and is sequestered into RNA foci in culture (35) . In contrast to CUG toxicity, MBNL1 overexpression enhances CAG toxicity in CAG-expressing transgenic flies, whereas muscleblind deletion prolongs their lifespan (34) . Given the protective effect of MBNL1 upregulation in DM1 transgenic mice expressing CUG repeats (36), these results suggest that different mechanisms operate in CUG and CAG RNA toxicity. It is conceivable that MBNL1 stabilizes CAG-containing pathogenic transcripts, increasing the steady-state levels of polyglutamine peptides.
The introduction of CAA interruptions within the expanded CAG sequence mitigates RNA toxicity in flies and abolishes phenotype enhancement by MBNL1 overexpression (34) . These results are in line with a pathogenic role of the alternative structures adopted by pure CAG tracts, which may participate in deleterious protein -RNA interactions.
BREAKING THE RULES: ANTI-SENSE TRANSCRIPTION AND NON-CANONICAL TRANSLATION
The far-reaching consequences of the DM1 repeat expansion on cell biology have been illustrated by some exciting findings, which suggest that simple repeats are in fact increasingly complex.
Anti-sense DMPK transcription
Natural anti-sense transcripts are transcribed from the opposite DNA strand to a sense, usually protein-coding, strand and overlap in part with sense RNA. Both sense and antisense RNAs can encode proteins or be non-coding transcripts. In the mammalian genome, the most prominent form of antisense transcripts is a non-coding RNA partner of a proteincoding sense transcript (37) . It is estimated that .70% of the mammalian genome is transcribed in both sense and antisense strands (38) . Recently, anti-sense transcripts have been implicated in diverse transcriptional and post-transcriptional gene regulatory mechanisms operating in a wide variety of biological functions, such as the regulation of transcription, RNA -DNA interactions, RNA -RNA interactions in the nucleus, as well as RNA -RNA interactions in the cytoplasm.
In DM1, an anti-sense DMPK transcript emanating from the adjacent SIX5 regulatory region has been described (39) . This antisense transcript extends into the insulator element described in the 3 ′ region of DMPK, located between DMPK and SIX5. It has been proposed that the processing of anti-sense DMPK RNA into 21-nucleotide fragments might be involved in the regulation of the environmental chromatin structure. At the wild-type DM1 locus, CTCF-binding sites located on each side of the CTG repeat restrict the extent of the anti-sense RNA. In contrast, in congenital DM1 fibroblasts, the expanded allele is associated with loss of CTCF binding, spread of heterochromatin and regional CpG methylation. An attractive hypothesis resulting from this work is that insulator loss of function, due to impaired CTCF binding, results in higher DMPK expression in late embryogenesis, as a consequence of the high SIX5 enhancer activity, thereby contributing to the earlier disease phenotype in congenital DM1.
Recently, bidirectional transcription of (CTG) †(CAG) repeat expansions was shown to stimulate repeat instability in human fibroblasts carrying 800 CTG (40) , implying a contribution to somatic instability of highly expanded (CTG) †(CAG) repeats.
Identification of anti-sense transcripts and CTCF-binding sites flanking (CTG) †(CAG) repeats at other disease loci suggests that the features described at the DM1 locus might be present at other repeat-associated loci in the genome (41-43). 
N/D, not determined.
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Repeat-associated non-ATG translation
The non-canonical RNA translation of trinucleotide repeatexpanded transcripts unveiled other potential pathogenic entities. Repeat-associated non-ATG (RAN) translation occurs independently of an ATG initiation codon in all reading frames. RAN translation operates on CAG-containing transcripts to produce polyglutamine, polyserine and polyalanine homopolymeric peptides. RAN-translated peptides were detected in SCA8 mouse models and in the human cerebellum. In addition, antisense DMPK transcripts can also be RANtranslated to generate polyglutamine homopolymeric peptides in DM1 mouse models and in DM1 myoblasts, skeletal muscle and leucocytes (44) . It is also possible that sense DMPK transcripts are RAN-translated to generate long polyleucine, polycysteine and polyalanine tracts (45) (Fig. 1) . RAN translation can also operate on CAG repeats embedded in the HD, HDL2 and SCA3 flanking context (44) . The mechanism of RAN translation, as well as its contribution to disease, require future studies. The question is particularly challenging given the confounding and simultaneous effects of RNA and protein toxicity in the cell. In the case of SCA8, for instance, it will be important to distinguish between proteotoxicity resulting from orthodox ATG-dependent polyglutamine translation and proteotoxicity resulting from RANtranslated homopolymers. Preliminary evidence of a possible pathogenic role comes from the co-localization of RANtranslated peptides with indicators of apoptosis in transfected cells and transgenic DM1 mice (44) . Cell culture and transgenic mouse model systems will help address these and other questions.
THE DM WORLD BEYOND SPLICEOPATHY
Misregulation of alternative splicing plays a central role in the development of important DM1 symptoms (1,10). However, DM1 mutation can affect gene expression in multiple ways. First, although primarily considered splicing regulators, MBNL and CELF proteins participate in mRNA transport, stability and translation (46, 47) . Their altered activity and/or localization in DM1 cells may alter transcription, translation and cell signalling. Second, the expanded CTG transcripts may affect the levels, availability and subcellular localization of transcription factors. Third, the disease may disturb highly regulated pathways of miRNA and double-stranded RNA processing (Fig. 1) .
Deregulation of transcriptional factors
The effects of repeat expansion on gene expression were revealed by microarray analysis of DM1 and DM2 muscle biopsies (48) , and confirmed by the mRNA profiling of transgenic mice expressing non-coding CUG repeats in skeletal muscle. Interestingly, most of the changes detected were also found in Mbnl1 knock-out mice, indicating that transcriptional deregulation results, at least partially, from MBNL1 loss of function (49) .
Altered gene expression may also result from a direct effect of the repeat expansion on transcription factors. Expanded DMPK transcripts bind SP1 and RARg in DM1 myocytes, leaching them out of the chromatin, reducing their availability and the expression of target transcripts (50) . NKX2-5 upregulation in DM1 skeletal muscle and heart affects the expression of downstream genes, possibly contributing to the muscle regenerative defects and cardiac conduction abnormalities (51) . The mislocalization of SHARP (SMART/HDAC1-associated repressor protein) in the cytoplasm in DM1 myoblasts may alter the steady-state levels of a set of RNA transcripts implicated in muscle development and function (52) .
The absence of co-localization of transcription factors with CUG-containing nuclear foci does not exclude a pathogenic role. It is conceivable that a fraction of expanded DMPK transcripts does not aggregate and remains soluble in DM1 cells, interacting with splicing regulators and transcription factors, thereby contributing to pathology (53) . To this respect, it would be interesting to determine the extent of the soluble fraction of expanded DMPK transcripts and explore their pathogenic interactions.
miRNAs deregulation
MicroRNA deregulation can participate in muscular dystrophy and cardiomyopathies (54, 55) . In DM1, miRNAs appear to be affected in skeletal muscle and heart tissue (Table 2) (56-58). Interestingly, mi-R1 downregulation in DM1 and DM2 hearts is mediated by the functional depletion of MBNL1, which affects the misprocessing of pre-miR-1 (58) . Whether MBNL1 regulates the processing of other miRNAs remains to be determined. DM-associated miRNA deregulation alters the expression of target transcripts, possibly contributing to disease pathology (56, 58) . The investigation of additional targets will help evaluate the pathophysiological impact of miRNA deregulation in DM1 skeletal muscle, heart and other tissues. It is noteworthy that some miRNAs deregulated in DM1 have also been identified in Duchenne muscular dystrophy and other muscular disorders (54) , raising questions about the causativeconsequential relationship between miRNA metabolism and muscular pathology.
miRNA changes have also been reported in other trinucleotide expansion disorders, such as Huntington disease (59) and SCA1 (60) . The detailed understanding of the role of miRNAs in human disease will open new routes for their therapeutic manipulation.
RNA interference and double-stranded RNA pathways
In DM1 cells, CUG-containing RNAs form imperfect hairpin structures, which can be cleaved by the RNA interference (RNAi) machinery to generate CUG-containing small interference RNAs (siRNAs). CUG-derived siRNAs are capable of binding complementary sequences in target mRNAs, possibly interfering with their expression and contributing to disease pathogenesis (61) . In contrast to the generation of siRNAs by hairpin-forming CUG RNA transcripts alone, the requirement of simultaneous expression of CUG and CAG has been suggested, following the development of transgenic DM1 Drosophila. The expression of non-coding CTG repeats in flies results in nuclear RNA foci accumulation, missplicing and eye phenotypes. The phenotype is enhanced by the co-expression of non-coding CUG and CAG expansions, supporting a pathogenic role for CUG and CAG interaction mediated by RNAi pathways. Co-expressed CUG and CAGcontaining transcripts are processed into small triplet repeatderived siRNAs capable of targeting downstream transcripts containing small CUG or CAG stretches (62) . Blocking siRNA biogenesis alleviates repeat toxicity in flies co-expressing CUG and CAG RNA repeats.
In addition to the regulation of local chromatin reorganization and gene expression in the DM1 locus (39), anti-sense DMPK transcripts may act as trans-modifiers of the expression of other genes, through the activation of RNAi pathways, contributing to disease pathogenesis. RNAi targets relevant to DM1 pathogenesis remain to be identified.
Looking outside the nucleus: cell stress and translation inhibition DM1 molecular pathogenesis may not be confined to the nucleus. CELF1-overexpressing mice recreate abnormal steady-state levels of MEF2A and p21 found in DM1 skeletal muscle (63) , suggesting that CELF1 upregulation contributes to disease not only through splicing disruption in the nucleus, but also through stress-induced inhibition of translation in the cytoplasm (64) . Cell stress and associated repression of protein translation may be relevant to the disease phenotype. In line with this view, polyubiquitin/proteasome stress-signalling pathways are activated in the skeletal muscle of a transgenic DM1 mouse model, showing progressive muscle atrophy (65) .
Interestingly, MBNL1 may also participate in the cytoplasmic response to cell stress, given its accumulation in cytoplasmic stress granules (66) . The cytoplasmic aspects of DM1 molecular pathogenesis have probably been overlooked and require additional studies.
REMAINING QUESTIONS AND FUTURE PERSPECTIVES
Our understanding of DM1 is improving fast, with the help of transgenic mouse models (11) . Nevertheless, there are some key aspects of the disease that deserve further investigation.
Disease mechanisms in CNS
The neurological manifestations of DM1 have a dramatic impact on the quality of life, but this aspect of the disease was overlooked in the past. Our understanding of DM1 neuropathophysiology is falling behind, when compared with muscle and cardiac manifestations.
Expanded DMPK transcripts accumulate in the nucleus of cortical and subcortical neurons, sequestering MBNL1 and disrupting alternative splicing (12) . MAPT/TAU missplicing results in the accumulation of pathological protein isoforms (67) , which are usually hyperphosphorylated and accumulate in neurofibrillary tangles (68) , supporting the classification of DM1 as a tauopathy. The pathophysiological consequences of MAPT/TAU hyperphosphorylation in DM1 require further studies. It is unclear whether brain spliceopathy is sufficient to fully explain DM neurological dysfunction; nor do we know whether the underlying mechanisms of missplicing are shared between the CNS, skeletal muscle and heart.
Other pathways might contribute to brain pathophysiology. Abnormal expression of microtubule-associated proteins (69) and altered functional expression of calcium channels (70) may account for disrupted neurite outgrowth in DM1 neuroblastoma cell models (71) . Abnormal neuritogenesis has also been reported in pluripotent stem cell lines derived from DM1 embryos, and associated with downregulation of members of the SLITRK gene family (72) . Transgenic mouse models will help elucidate the contribution of impaired neuronal differentiation to adult and congenital DM1.
In addition to the molecular signs of RNA toxicity, DM brains exhibit structural abnormalities in white and grey matter (73) . In adult DM1 and DM2 patients, the parallel analysis of brain structure and cognitive dysfunction suggests that specific region-specific changes might explain neuropsychological deficits (74) . In congenital and juvenile DM1, the overall extent of widespread white matter lesions correlates with cognitive dysfunction (75) . In addition to structural changes, hypoperfusion and hypometabolism in frontal lobe may contribute to the frontal pattern of cognitive impairment in DM1 (76) . Mapping the structural, cellular and metabolic
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Mechanisms behind the congenital DM1
DM1 patients carrying .500 CTG often develop the severe congenital form of the disease, mainly characterized by general hypotonia at birth and mental retardation. Splicing deregulation has been reported in congenital DM1 (77) , but the mechanisms behind this form of the disease require further studies. Although Mbnl1 knock-out mice did not re-create congenital phenotypes, CELF1 overexpression resulted in embryonic lethality and impaired mouse development (11) . A role of CELF1 in congenital DM1 has therefore been suggested. In contrast, normal CELF1 levels in DM2 could explain, at least partially, the possible lack of congenital DM2 (13) . Alternatively congenital DM1 might be mediated by increased expression of CUG-containing repeats in early stages of development as a result of the functional loss of the genetic insulator between DMPK and the downstream SIX5 gene (39) . Transgenic mice carrying large CTG repeat expansions within the genomic environment of the human DM1 locus (78) express anti-sense DMPK transcripts (44) and will help test this hypothesis.
Differences between DM1 and DM2
Clinical signs in DM1 and DM2 are similar, but there are some distinguishing features: DM2 is generally less severe and lacks a prevalent congenital form. Disease-specific manifestations may result from differences in spatial and temporal expression patterns of DMPK and CNBP genes. Similarly, changes in the expression of neighbouring genes may define disease-specific manifestations. RNA-interacting proteins may also act as modifiers of disease-specific phenotypes, through different affinities of MBNL1, CELF1 and other RNA-binding proteins for CUG versus CCUG RNA repeats. The role of CELF1 in DM2 is particularly intriguing with contradictory results being reported (13, 19, 79) . It remains possible that CELF1 upregulation depends on the repeat flanking sequence, contributing to the singularity of the DM1 versus DM2.
In the wider context of toxic RNA diseases, the spatial (and temporal) expression profiles of expanded transcripts and their interacting proteins may delineate the susceptibility of specific cell populations to RNA toxicity and define disease-specific pathology.
Therapy development
Targeting toxic transcripts and their interactions provides a promising therapeutic approach in DM and other toxic RNA diseases (80) . Nonetheless, additional strategies can be envisioned (11) . As our understanding of the disease improves, it becomes clear that in addition to the reversal of missplicing, correction of gene expression will be required to fully rescue DM1 pathology. The implication of miRNAs, bidirectional transcription, RAN translation and cell stress-associated deregulation of translation in DM1 pathology does not invalidate neutralization of expanded transcripts. Instead, it imposes a requirement for therapeutic refinement to achieve maximum efficacy.
CONCLUSIONS
RNA toxicity mediates DM and other microsatellite expansion disorders. Key disease manifestations result from the missplicing of a subset of transcripts. However, spliceopathy may not fully explain the multisystemic disease spectrum. Disease mechanisms likely involve changes in gene transcription and translation.
Our understanding of RNA toxicity is expanding. Additional diseases that fit into the category of dominant toxic RNA disorders are likely to be identified. Recently, a toxic role of RNA transcripts was proposed in diseases previously regarded as entirely mediated by polyglutamine toxicity. Therefore, concomitant pathways of RNA and protein toxicity can operate simultaneously in the cell. Inversely, RAN translation of triplet repeat-containing transcripts implies proteotoxicity in diseases typically mediated by toxic RNA molecules.
In summary, the emerging pathways of molecular pathogenesis are far more complex than previously appreciated, but we believe to be in the right track towards the development of effective therapies.
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